With the aim of bridging the gap between protein sequence and structural analyses, we have developed a tool to aid the identification of new protein sequences by recognizing distant homologues using structural information. The tool generates sequence annotated by structure (SAS) files, applying structural information derived from structural analyses to a given protein sequence. A World Wide Web interface allows a given sequence to be submitted either for structural annotation or, where its structure is unknown, for search and alignment against sequences of known structure. In both cases, SAS will colour residues in the sequence of known structure according to a selection of properties, including secondary structure, interatomic contacts and active site information. SAS can also be used to inspect properties of a single structure.
Introduction
With the increased collection of protein sequences from genome projects, it is becoming increasingly desirable to be able to identify the function of a new protein sequence computationally. Currently this can only be accomplished by identifying a homologous relationship with a protein of known function.
Given a protein sequence, there are many tools and databases that can assist in identifying its function. The first method in sequence analysis is the use of well-known pairwise alignment programs such as FASTA (Pearson and Lipman, 1988) and BLAST (Altschul et al., 1990) , to assess similarity between the unknown sequence and a library of known sequences. Multiple alignment programs such as CLUSTALW (Higgins et al., 1994) are valuable in that they highlight conserved regions in a group of related protein sequences. An alternative approach is to search for a characteristic motif in the sequence, a method employed by PROSITE (Bairoch et al., 1996) . Such a method can be enhanced by using multiple motifs as criteria for identification, as in the PRINTS (Attwood et al., 1994) and BLOCKS (Henikoff and Henikoff, 1991) databases. More complex still are profiling methods such as those used by Pfam (Sonnhammer et al., 1997) , which discard less of the alignment information than motif methods, retaining information about the non-conserved regions as well as the conserved. Recently the recursive PSI-BLAST (Altschul et al., 1997) , which generates profiles of increasing sophistication by successive scanning of the database, has improved recognition of related sequences.
Despite many years of work, progress in predicting the three-dimensional (3D) structure of a protein ab initio has been slow Dunbrack et al., 1997) . Most progress has been made in fold recognition using methods such a threading, where a sequence is 'matched' against a library of known folds. These methods are increasingly being used to identify distant homologues, so that function may also be inferred. Structural information is fundamental in protein function, but at the moment finds limited use in sequence analysis methods (Overington et al., 1990) . This is, in part, due to the difficulty in extracting the relevant 3D information and translating it onto a linear sequence. Over the past fifteen years we have developed extensive software to facilitate detailed analysis of protein structures from their co-ordinates in the Protein Data Bank (PDB) (Bernstein et al., 1977) . These analyses include calculation of hydrogen bonds and other non-bonding contacts within a protein structure, HBPLUS (McDonald and Thornton, 1994) ; automatic secondary and supersecondary motif assignment from co-ordinates, PROMOTIF (Hutchinson and Thornton, 1996) ; global and local stereochemical quality assessment, PROCHECK (Morris et al., 1992; Laskowski et al., 1993) ; tertiary structure classification, CATH (Orengo et al., 1997) ; consensus approach to domain assignment ; and a wealth of other data accessible from PDBsum files (Laskowski et al., 1997) . This paper begins to address the problem of using this information to aid sequence analysis.
Outline of SAS
The desired aim of this work is to enable key structural features derived from 3D co-ordinates to be displayed at the sequence level. To facilitate this we have developed a tool, sequence annotated by structure (SAS), which is a Web-accessible gateway to many of the analyses mentioned above. SAS can be used as a tool to aid identification of the function of a protein, when the results of sequence analysis or threading need further inspection and structural information is available.
At its simplest, SAS can be used to annotate a single protein sequence to indicate the structural features of that protein. SAS can also be used to browse the structural features of a family of related proteins, highlighting trends and differences between members. In such a case, the sequence is entered for scanning the PDB sequences by FASTA with subsequent annotation, or alternatively, one's own alignment of sequences (from PDB structures) can be submitted for annotation.
Methods

Input to SAS
The input to SAS can be one of four types. The first is to input a PDB code, where the PDB code and chain identifier are used to extract its sequence from a library of PDBderived sequences. The second is query by a SWISS-PROT (Bairoch and Apweiler, 1997) identifier, where the sequence will be extracted from the current version of the SWISS-PROT sequence library. A sequence can also be entered by pasting a sequence of single-letter amino acid codes. The fourth query type is by custom multiple alignment which allows submission of a file containing aligned sequences derived by any method (e.g. profiling, threading, etc.). Currently, each sequence must be derived from a PDB structure and the file must be in the required format. The sequence search libraries Three operations can be performed on the input query. The first is to annotate a single sequence (for single protein 856 browsing) or to annotate a custom multiple alignment file (in this case, no sequence comparison is desired and a sequence library is not applicable). The second and third operations employ sequence searching using FASTA. Searching against all sequences in the PDB (second operation) scans the complete library of PDB sequences (described below), while searching a specified library (third operation) scans only a user-specified subset of PDB sequences.
The core sequence library in FASTA format was generated automatically from PDB files. This procedure is not straightforward since the 'SEQRES' entries in such files cannot be used exclusively. We use a process by which the sequence is extracted from the 'ATOM' records in the PDB file, and any deficiencies (e.g. residues missing in the 'ATOM' records) are patched using the 'SEQRES' entries. Also, non-standard residues are verified using the 'ATOM' records, and any ligands present (e.g. short peptides) are omitted.
The annotations
The single sequence or lists of aligned sequences obtained from FASTA or user submission are annotated and output to the web browser used to query SAS. Residues of the protein sequence or sequences (in the case of a list) are coloured according to several annotation types as follows: d Residue type-polar, non-polar, aliphatic, aromatic. d Secondary structure-α-helix, β-strand, turn and coil regions, as calculated by PROMOTIF (Hutchinson and Thornton, 1996) . d Contacts-interactions made by each residue:
Hydrogen bonds to ligand; Total contacts to ligand; The numeration along the top of the pairwise alignment signifies the residue positions with respect to the longest sequence. The green graphics denote the predicted secondary structure for the target sequence using the DSC program (King and Sternberg, 1996) , darker shades indicating a greater confidence in assignment, while the purple graphics denote the secondary structure of the match. Note that the His57 and Asp102 catalytic residues are conserved in the alignment (reference positions 75 and 132 respectively), while the Ser195 and Ser214 catalytic residues are misaligned. Other features displayed: numbered yellow circles represent corresponding disulfide bonds; orange triangles denote active site residues; red dots denote ligand contacts; blue dots denote metal contacts; purple and blue arrows indicate CATH domains. (b) Example SAS output showing FASTA matches within the PDB for the fold recognition benchmarking probe 1CPT (cytochrome p450) annotated by ligand contacts. The numeration and graphics are as in (a). Coloured residues indicate the following number of ligand contacts for that residue: purple, 1; blue, 2; green, 3; orange, 4; red, 5 or more contacts. Note that despite the two protein sequences (1CPT and 2CPP) having a sequence identity of only 28% (FASTA), there is significant conservation of residues in the haem binding regions, particularly in reference positions 363-377. (c) Example SAS output showing FASTA alignment of α-lactalbumin (PDB code 1HML) and lysozyme example (PDB code 1LZS) annotated by ligand contacts. Despite a favourable sequence identity of 39.5% (FASTA) and appreciable alignment of secondary structure, identifying lysozyme as a calcium binding protein is incorrect. The annotations clearly show the differences-1HML binds calcium (coloured residues with orange triangles) while 1LZS binds its N-acetylchitose ligands (coloured residues with red dots) in different regions of the sequence.
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Contacts to a nucleic acid; Contacts to metal atoms. Hydrogen bonds and non-bonded contacts are calculated using HBPLUS (McDonald and Thornton, 1994) and classified by the GROW program (D.M.) which recognizes atoms in amino acids, nucleic acids, ligands and metal atoms using the structure co-ordinates and analyses from PDBsum (Laskowski et al., 1997) . d Active site residues-as defined in the 'SITE' records of the given PDB file. d Domains-as defined by the consensus procedure of Jones et al. (1998) based on three independent algorithms for domain recognition, DETECTIVE (Swindells, 1995) , PUU (Holm and Sander, 1994) and DOMAK (Siddiqui and Barton, 1995) . d Residue similarity-similarity to the residue at the same position in the query sequence.
Where a given PDB file does not contain the information by which its sequence is being annotated (e.g. it contains no ligand where annotation is by number of contacts to a ligand) the sequence is shown in lower case in the SAS output. The annotation type viewed can be changed interactively within SAS, and secondary structural information can be added independently of the annotation type. PostScript (Adobe, 1985) versions of the SAS output can also be obtained. This, in addition to showing the residues coloured according to the selected annotation, can also schematically show the secondary structure of each sequence, and mark all active site residues and all residues involved in contacts with ligand, metal and nucleic acid.
Other options to alter the display
There are other features in the Web interface that can alter the way the annotations are displayed: d Filtering of sequences-to cut down the number of sequences shown in the final alignment by: (i) Sequence identity range to include only those sequences whose identity to the query sequence lies within the given range (e.g. 35-95%) (ii) Consensus-this option combines all identical sequences in the alignment into a single consensus sequence to reduce the number of sequences shown, particularly where a large family of proteins is involved. The annotation for each consensus sequence combines the information from each of the sequences it represents. For secondary structure, the consensus annotation shows the most frequent secondary structure at each residue position; for contact types, it shows the highest number of contacts for the residues at each position; and for annotation by active site, any residue position marked as an active site in any of the sequences is marked. (iii) Selection-any sequence can be removed from the alignment by clicking on a button on the SAS output page. d Pairwise versus multiple alignment. The hit list sequences can be displayed as a multiple alignment or individually aligning each sequence hit against the target sequence. d FASTA similarity markers can be included in the pairwise alignments.
Examples of use
SAS was developed to help interpret the results of sequence searches against entries in the PDB or illuminate alignments obtained from threading searches. The addition of structural information to the alignments can give greater confidence in the results of such processes, particularly when the sequence identity is low. If critical structural features are conserved, while other regions are not, a distant relationship might be inferred. The annotation can also help to predict whether two sequences will have the same function, by directing attention to the active site and ligand binding residues. We would like to illustrate this with three examples.
CASP2 target T0031
The first example comes from the CASP2 meeting (Critical Assessment of Structure Prediction 2) held in Asilomar, California in 1996 (Martin et al., 1997) to review current techniques of protein structure prediction. The objective of CASP2 was to assess different structure prediction methods 858 using a set of proteins whose structures were not known prior to prediction yet were expected to be solved before the meeting. One category was 'fold recognition', in which it was necessary to identify a protein having a similar fold to the target protein given only the primary sequence of the target.
Here we use target 31 from CASP2 to illustrate the benefits of including structural information in fold recognition. The sequence was that of exfoliative toxin A. A FASTA search on the sequences in the PDB, gave members of the elastase family as the highest scoring matches. The SAS annotations clearly show that two out of the four active site residues (His57 and Asp102) in native elastase (PDB code 3EST) are conserved in the target sequence, as shown in Figure 1(a) . The third and fourth active site residues (Ser195 and Ser214) are conserved although they are not aligned correctly in the sequence alignment. This is suggestive that the fold and function of the target may be similar to that of the elastases (which are serine proteases). Subsequent structure determination by X-ray crystallography shows that this toxin does indeed adopt the elastase fold (Vath et al., 1997) .
Fold recognition benchmarking target 1CPT Fischer et al. (1996) have devised a method of assessing the performance of fold recognition methods. The benchmarking involves a collection of probe sequences and a fold library of known structures. For each probe sequence there is a corresponding structure in the fold library of the same fold as the probe's 3D structure. An ideal fold recognition method should be able to identify the fold from all the others for each of the probe-target pairs.
Their second benchmark draws on examples from the literature and consists of 29 such probe-target pairs with a library of 320 folds. In this example, the probe-target pair involves two cytochrome p450 proteins (PDB codes 1CPT as the probe sequence and 2CPP as the target fold). On inspection of the FASTA alignment using SAS and annotating by contacts to ligands (Figure 1b) , it can be clearly seen that the haem binding area is clustered into three main regions of the sequence. In these regions, there is considerable matching of residues. Despite the low sequence identity between probe and target (28% over a 339 amino acid overlap from FASTA), the recognition of important similarities in their sequences can be enhanced by the structural features.
α-Lactalbumin and lysozyme
The third example illustrates the case of α-lactalbumin, a calcium binding protein, and the lysozyme family, glycosyl hydrolases. One would expect them to perform the same function by sequence alignment alone, yet after alignment with FASTA and annotating by ligand contacts in SAS, Figure 1 (c) shows that this is clearly not the case. With the secondary structural elements included, it is clear that the ligand (calcium) binding region (Lys79, Asp82, Asp84, Asp87 and Asp88) in PDB structure 1HML (α-lactalbumin) is at the opposing end of an α-helix to one of the NAG binding regions (Asp102, Pro103, Gln104, Ala108, Trp109, Val110 and Ala111) in the lysozyme structure, PDB code 1LZS. This illustrates that despite having similar sequences (39.5% sequence identity over a 119 amino acid overlap from FASTA), α-lactalbumin binds calcium and does not bind sugars directly (although it is involved in lactose synthesis), while lysozyme cleaves sugars and does not bind calcium.
Conclusion
Annotating protein sequences with structural information is a useful tool with many applications. SAS provides not only a means for inspecting current structural information for individual structures and families of proteins, but also a more automated approach to recognizing distant homologues by showing ligand binding, motif and site information of similar proteins with known structures.
SAS is accessible via the World Wide Web using a Netscape 3.x or compatible web browser at http:// www.biochem.ucl.ac.uk/bsm/sas/.
